ABSTRACT:
INTRODUCTION
In emerging outbreaks of infectious wildlife diseases, up-to-date information on spatiotemporal patterns in disease occurrence is vital for effectively addressing the disease. In the past two decades, an unprecedented number of fungal and fungallike diseases have been recorded and responsible for some of the most severe die-offs and extinctions observed in wild species (Fisher et al., 2012) . Whitenose syndrome (WNS) is a rapidly spreading fungal infection responsible for killing millions of bats within the past 5 yr (Turner et al., 2011) . Nine bat species from three genera have been found to carry Geomyces destructans (Turner et al., 2011) , the fungus responsible for the disease (Lorch et al., 2011; Warnecke et al., 2012) ; mortality has been observed in six of these nine species, the Indiana (Myotis sodalis), little brown (Myotis lucifugus), northern long-eared (Myotis septentrionalis), eastern small-footed myotis (Myotis leibii), big brown (Eptesicus fuscus), and tricolored (Perimyotis subflavus) bats (Blehert et al., 2011; Foley et al., 2011; Turner et al., 2011) . Bats exhibiting clinical signs of WNS were first photo documented in North America at Howe's Cave near Albany, New York, USA, during winter, 2006 . Within 6 yr, WNS was confirmed in hibernacula as far north as Ontario and Quebec and as far south as northern Alabama (Blehert et al., 2011; Foley et al., 2011; US Fish and Wildlife Service [USFWS], 2012a) . By winter 2011 to 2012, WNS was recorded as far west as Missouri and, possibly, Iowa (USFWS, 2012a) .
White-nose syndrome is characterized by the presence of profuse but delicate hyphae and conidia produced by the fungus on the muzzles, wing membranes, and pinnae of infected hibernating bats; the fungal hyphae pervade the living skin tissues of infected bats, with hair follicles and sebaceous glands being effaced Meteyer et al., 2009) . Severe wing damage associated with fungal invasion may be seen in bats that have recently emerged from hibernation (Meteyer et al., 2009; Cryan et al., 2010) . The fungal infection appears to cause increased frequency of arousal (Warnecke et al., 2012) , which, in turn, is associated with premature depletion of fat reserves and subsequent death of hibernating bats (Boyles and Willis, 2010; Storm and Boyles, 2011) . Others hypothesize dehydration contributes to mortality (Cryan et al., 2010; Willis et al., 2011) . Regardless of mechanism, loss of hibernating bat populations exposed to G. destructans often exceeds 75% (Frick et al., 2010; Turner et al., 2011) .
Environmental conditions associated with G. destructans are becoming increasingly understood (Flory et al., 2012; Hallam and Federico, 2012; Swezey and Garrity, 2012) . The walls and sediment of hibernacula, for instance, are reservoirs for the fungus (Foley et al., 2011; Linder et al., 2011; Puechmaille et al., 2011) . Little is known, however, about how the disease spreads, although spread through physical contact among individuals (Frick et al., 2010; Hallam and McCracken, 2011) and by humans unwittingly transferring the fungus from cave to cave (USFWS, 2009; Turner et al., 2011 ) is suspected.
A species for which there is particular conservation concern is the federally endangered Indiana bat. This species lives primarily in the eastern, midwestern, and southern United States. Previous estimates of population trends from hibernacula count data suggested that the species declined in abundance by 57% from 1965 to 2001 (Clawson, 2002) likely because of human disturbance of colonies (Johnson et al., 1998) , alteration of hibernacula (USFWS, 2007) , pesticide use (Schmidt et al., 2001) , and loss of summer habitat resulting from the clearing of forest cover (Menzel et al., 2001; Carter and Feldhamer, 2005; Sparks et al., 2005) . Thogmartin et al. (2012) reported stationary abundance for the two most recent decades prior to emergence of WNS. The emergence of WNS poses an extinction threat (Frick et al., 2010) -the loss of 40,000 Indiana bats since emergence of WNS (Turner et al., 2011) , for instance, represents nearly 10% of the 2006 population estimated by Thogmartin et al. (2012) . This novel threat increases the urgency for understanding the occurrence and spread of WNS relative to the occurrence of the endangered Indiana bat. The spread of WNS among northeastern US wintering populations of bats was recently described (Wilder et al., 2011) , but there is a paucity of information describing the range-wide risk this disease poses to the federally endangered Indiana bat. We seek to fill this gap by modeling observed site-scale occurrences of infection to predict rangewide patterns in disease risk. With this information, we aim to prioritize for surveillance the risk of infection faced by hibernating populations of Indiana bats.
MATERIALS AND METHODS
Wintering populations of the Indiana bat are historically distributed among 469 hibernacula, about 235 of which are presently occupied (between 34uN, 95uW and 45uN, 72uW). Although bats show a degree of fidelity to their wintering location, those wintering populations within 16.1 km of another hibernaculum potentially interact to form complexes of hibernacula (Thogmartin et al., 2012) . Management of the Indiana bat occurs within four recovery units covering the range of the species (Ozark-Central, Midwest, Appalachians, and Northeast); populations of the species must reach recovery criteria in each recovery unit before the species can be delisted (USFWS, 2007) . The USFWS maintains a database of wintering population counts (Thogmartin et al., 2012) , including whether a surveyed hibernaculum was suspected or confirmed for the presence of WNS or the presence of DNA from G. destructans. Locations with confirmed disease occurrence were those with individual bats of any species exhibiting fungal colonization of the epidermis under histopathologic examination (Meteyer et al., 2009 ). Wintering locations with individuals exhibiting presence of hyphae or conidia, a positive fungal culture, or PCR-positive results, but without fulfillment of histopathologic criteria, were regarded as suspected of disease occurrence. This information of disease occurrence was used to identify the timing and location of the wintering populations of Indiana bat affected with WNS. We verified and, where necessary, amended USFWS documentation of the disease spread against the database of observations maintained by Butchkoski, Pennsylvania Game Commission (USFWS, 2012a).
Wintering Indiana bat locations not exhibiting evidence of infection were a combination of true and putative absences of WNS. We considered WNS absent for locations with biannual surveys failing to record the disease. Locations in years without formal surveys of wintering Indiana bat populations and without county record of WNS were considered absences; the largest wintering populations are counted biennially, so most putative absences primarily pertain to the smaller wintering populations, which are surveyed less frequently. The number and significance of the putative absences were reduced further in that, as the disease progressed, many hibernacula were visited between periods of the formal survey to ascertain WNS presence (e.g., dead bats littering the cave entrance).
We modeled historical hibernaculum level occurrence of infection as a random intercept and random slope mixed-effects space-time logistic regression. Our response was binary (15infected; 05noninfected). We considered two link functions in our models: the complementary log-log (cloglog)
and the logit log p 1{p :
The canonical link of the binomial case is logit, often used because the minimum sufficient statistics exist for the regression parameters. The cloglog link has its own appeal because of its connection with Poisson point processes (Baddeley et al., 2010) ; the asymmetric aspect of the cloglog also often performs better when the probability of an event is much less or much more than 0.5, which is the case with Indiana bat hibernacula affected by WNS. We hypothesized that size of, proximity to, and direction to infected sources would be important predictors of risk. Thus, covariates associated with the binary response included distance (kilometer) from and direction to (degrees) nearest infected Indiana bat wintering population in previous years. Direction is a circularly distributed variable, so we transformed the direction of the nearest source of infection following Beers et al. (1966) :
We chose 225u because it is the southwesterly direction; i.e., the direction of the disease spread most concerning to Indiana bats. We do not know the true number of affected hibernating bats, although it is suspected to number in the millions (USFWS, 2012b); the number of affected Indiana bats is also unclear, but we used the total population size of wintering Indiana bat populations in affected hibernacula for the year preceding known infection to characterize the magnitude of the affected population. We also predicted the size of the at-risk population would be relevant to estimating risk, principally because Indiana bats are gregarious and bat-to-bat transmission is believed to be an important means of disease transfer. Size of the at-risk and affected populations was estimated from hierarchical log-linear models for individual hibernacula (Thogmartin et al., 2012) . Comprehensive surveys for other bat species potentially affected by WNS across the range of the Indiana bat are lacking. Variables were standardized to have zero mean and a variance of two standard deviations to improve model calculation (Gilks and Roberts, 1996) and to assess the comparative value of each model covariate (Gelman, 2008) .
Because the spread of this disease is an evolving process over space and time, we examined random effects for hibernacula complex, year, and the interaction of complex and year, allowing for estimation of a conjoint spatiotemporal process (Knorr-Held, 2000) . We also considered distance nested within year, allowing the slopes for year to vary. As locations became infected, they were thereafter considered sources of infection. Finally, we considered geographical location (longitude, latitude, and their interaction) to accommo-date lurking or unknown, but spatially informative, covariates (Austin, 2002) .
We fit a global space-time model consisting of all covariates and random effects, as well as a null model. Then, based upon a process of backward selection from the global model within each family of link function, we eliminated noncredible covariates and random effects with negligible influence on infection probability. We compared the Akaike's information criterion (AIC) between models, calculating model weights as suggested by Burnham and Anderson (2002) . From the best model, we examined residuals against both the fitted values and the fixed effects for patterns, which may suggest missing covariates and other sources of unexplained variation. We gained further insight by plotting the time series of the coefficients from annually based simple logistic regressions with the set of covariates from the global model (Gelman and Hill, 2007) . Fixed-effects regressions, treating year and complex as factor variables, were fit in R (R Core Team, 2011) with lm (Base package) and lrm (Design package), whereas mixed-effects regressions, treating year and complex as random, were fit with lmer (lme4 package, vers. 0.999375-39; Bates et al., 2011) . We calculated the receiver operating characteristic (Hanley and McNeil, 1982) and the Hosmer-Lemeshow c statistic (Hosmer et al., 1997) to evaluate model fit.
The final logistic regression was fitted to each wintering population within each Indiana bat recovery unit using model-based combinations of covariates. The hibernaculum-specific probability of infection risk was mapped in ArcGIS 9.3 (Environmental Systems Research Institute, Redlands, California, USA). These risk probabilities were assigned to all uninfected hibernacula to aid in surveillance and management prioritization.
At the time of this analysis (winter 2011 to 2012), surveys for WNS affecting wintering populations were incomplete. Therefore, we used new records (from winter 2011 to 2012) of known occurrences of the disease to evaluate the predictive capacity of the best model.
RESULTS
As of winter 2010 to 2011, 59 of 469 historical Indiana bat hibernacula (13%) were confirmed or suspected to harbor bats infected with G. destructans or WNS. Excluding hibernacula not used by Indiana bats in the recent past (within the past decade), the proportion of infected hibernating populations was 25% (59 of 235 hibernacula). The entire occupied range of Indiana bats was within the maximally observed migration distance (575 km; Winhold and Kurta, 2006) of counties harboring infected animals, spreading down along the Appalachians and then across the karst region of the east-central United States (Fig. 1) .
Wintering populations of Indiana bats within all complexes in the northeast recovery unit were affected or suspected to be affected by WNS by winter 2010 to 2011. One hundred percent of populations within one complex of hibernacula in Ulster County, New York, USA, were infected within 3 yr and experienced a $60% loss of the hibernating Indiana bat population (Thogmartin, et al., 2012) . The observed annual occurrence of the disease for newly affected hibernacula (i.e., the observed number of affected hibernacula divided by the total number of extant hibernacula, accounting for previous year infections) was 4, 6, 8, and 12% for the winters 2007 to 2008 to 2010 to 2011, respectively, seemingly increasing as the disease spread into the core of the species range. The observed annual mean probability of infection for the period was 8%, but the rate of newly affected populations increased each year at a rate of 3%.
The Hosmer-Lemeshow test indicated poor fit for all fixed-effects logistic regressions (P,0.0001). Further, AIC for models with cloglog link functions were considerably higher (.5 DAIC), indicating we could confine our inference to models with the logit link. The best-fit mixed-effects logistic regression was well fit (Hosmer-Lemeshow c statistic, X 2 df58 51.7, P50.89) with an area under the curve of 0.91, suggesting excellent discrimination between disease-afflicted and nonafflicted wintering populations.
Five models were within a best subset of models (#4 DAIC; Table 1 ). Size of the atrisk population, latitude, and proximity and direction to the nearest affected location were in each of the top models. Proximity to infected sources was included as both a fixed effect (in all models) and as a varying function of year (in one model); models relating presence to a curvilinear rather than linear function of proximity were identical in AIC, indicating that a linear relation was sufficient.
Our models suggested risk of infection fell with increasing distance from infected sources (b Proximity 529.1 [95% CI5 215.9, 22.4]) but increased with increasing size of the susceptible population (b Size of At-Risk Population 50.8 [0.1, 1.4]; Table 2 and Fig. 2 ). This influence of distance varied considerably by year (s 2 Year 51.8) but even more so by complex (s 2 Complex 53.4). In terms of odds ratios (after back transforming the standardized covariates [ Table 3 ]), for every 50-km increase in distance from a WNSaffected population, risk of disease occurrence declined by 6% (95% CI55.2-5.7%). For every increase of 1,000 Indiana bats, there was an 8% (95% CI51-21%) increase in risk of disease occurrence. Geographic location was important as well, suggesting broad-scale influences at work; for instance, for each 0.1u increase in longitude (i.e., movement westward), there was a 12% increase (imprecisely measured) in disease occurrence, tempered by the effect of proximity to disease source. Uncertainty among the best subset of models indicated potential influences of direction to infected sources, the size of affected populations, as well as the interaction of latitude and longitude; Indiana bats in counties to the southwest of infected sources were at greater risk than those to the east or north.
Another 12 wintering Indiana bat locations were known or suspected of being infected at the time of this analysis in spring 2012. Infected populations comprised 30% of recently occupied locations and 35% of the 2009 range-wide population. Our models suggested these newly affected hibernacula were at a 21% greater risk of infection compared to the previous year. The four wintering populations with the highest predicted risk over the next year (winter 2012 to 2013) were in northern West Virginia, USA (Fig. 3) . Of the remaining unaffected hibernacula, we predicted Indiana bats in 70 hibernacula possess a risk of .30% of infection within the next 2 yr, with all of the remaining unaffected hibernacula in the Appalachian recovery unit at highest predicted risk. In Crawford and Harrison Counties, southern Indiana, eight wintering populations possessed risks of near-term infection .40%; these wintering populations comprised approximately one sixth of the species population or .50,000 bats. In contrast, the overwintering populations in north-central Illinois (Blackball Mine, La Salle County, USA) and northeastern Kentucky (Bat Cave, Carter County) were some of the most significant Indiana bat populations (some with .10,000 bats) at low risk for infection in the near term (within ,2 yr). Populations in Arkansas appear at lowest risk at this time.
DISCUSSION
White-nose syndrome is a fast-spreading disease capable of causing severe numerical reduction and local extirpation of Indiana bat populations. We presented models that describe the near-contemporaneous spatial and temporal patterns in the spread of WNS. This sort of nowcasting, a meteorologic term recently adopted in spatial epidemiology (Donker et al., 2011) , provides an assessment of disease risk in the face of imperfect and changing information. Our models suggested more than one third of the Indiana bat population has been affected by WNS and another one sixth is at immediate risk (#2 yr) of infection.
Important characteristics defining the emergent spread of this epidemic included distance from the nearest infected source population and size of the at-risk population, factors also reported important in characterizing the spread of WNS among hibernating species of bats in the northeastern United States (Wilder et al. 2011 ). It appears that all hibernating populations of Indiana bat are currently susceptible, as all current hibernating populations of Indiana bats are within the migration distance of individuals originating from an infected source population. While some populations still possess a relatively low risk, by extrapolating our underlying disease risk, we project that all sizeable complexes of hibernating Indiana bat populations will possibly be affected as early as 2016, with all hibernacula therein by 2020. This projection holds if our space-time model is reasonable, patterns of disease continue to spread as they have, and effective mitigation measures are not implemented.
A potential important limitation of our analytical approach is our use of putative absences. In the absence of evidence for the occurrence of WNS, we assumed a hibernaculum did not contain affected bats. It is possible, however, that some absences could be false negatives (i.e., the disease was present but not detected). Tyre et al. (2003) demonstrated the potential for bias in models of species-habitat relations even when rates of false negatives are low. Thus, if our putative absences were contaminated by false negatives, then our model may underestimate the rate of disease spread and potentially fail to describe spread into new areas, which, in turn, would underestimate subsequent risk to unaffected wintering populations in those areas. Diagnosing the leading edge in the spatial spread of a cryptic disease is notoriously difficult (Mertens and LowBeer, 1996; Filipe et al., 2012) . Most methods for accommodating the potential for false absences require repeated surveys to control for detection when modeling species occurrence (MacKenzie et al., 2002; Tyre et al., 2003; Royle et al. 2005) . Unfortunately, multiple visits to hibernacula during winter are recommended against, according to the guidelines for ''Census Taking'' in the 1983 Indiana bat recovery plan (Appendix VI in USFWS, 1983; Brack et al., 1983) . These infrequent and biennial surveys are an attempt at aiding species recovery by minimizing disturbance. In the absence of multiple visits, so-called ''one-stop'' occupancy approaches have the potential for parsing detection from occupancy in circumstances in which only one visit is made, if covariates relating to the false negatives are known (Lele et al., 2012; Royle et al., 2012) ; while promising, this is an emerging and largely untested analytical approach, and there are no examples describing these methods in the context of an evolving and dynamic process as we have with WNS.
There are further caveats to our estimates of risk. The most obvious limitation is that our model is phenomenologic rather than mechanistic; therefore, our understanding of the causative processes associated with disease spread is tenuous (Austin, 2002; Rothman and Greenland, 2005) . For instance, as G. destructans moves west, it may not manifest the same consequences (e.g., timing and magnitude of mortality) seen in wintering populations in the northeastern United States, potentially leading to a mismatch in the occurrence of G. destructans and WNS (Flory et al., 2012; Hallam and Federico, 2012) . Further, our modeling approach involved a single species-a perspective relevant to this federally endangered bat. Understanding and modeling the risk of this disease spreading as a function of the location and size of other susceptible but more abundant species could alter our conclusions. Diggle (2006) , for instance, modeled the relative susceptibility of foot-and-mouth disease as a conjoint function of the number of sheep and cows; a similar function might be possible were the number and locations of other susceptible bat species known. The work of Wilder et al. (2011) suggests, however, that our results would be fairly robust in the face of this larger community perspective. Numerous mitigation measures have been considered for reducing the spread of WNS, but only a few have been implemented (e.g., cave closures, decontamination protocols, public outreach; Foley et al., 2011; Hallam and McCracken, 2011) . If additional safe and effective control measures are developed in the near term, then our hibernaculum-specific estimates of risk could be used to prioritize surveillance and control effort, allowing maximal time for responding to this disease. Because of the common characteristics between our rangewide, Indiana bat-specific model and the regional, community-level model of Wilder et al. (2011) , our prioritization effort should also be informative to other susceptible species sympatric with Indiana bats.
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